Samples of binary silver phosphate glasses with composition ( Ag, 0) (p2 0, ) I -x have been prepared and their ac electrical conductivities measured over a range of frequency, composition and temperature. It is observed that a.c. conductivity increases very gradually at low frequency (below 1 kHz ), but rapidly at higher frequency ( above 10 kHz ). Conductivity as high as lo-' Scm-' has been observed depending on the composition, frequency and temperature of the samples. It increases almost linearly with the mole fraction of Ag,O. As a function of temperature, the conductivity increases too with temperature. Arrhenius plot is obeyed and activation energy of 0.41 to 0.46 eV has been obtained.
Introduction
Fast conducting glasses especially those containing silver ions have been investigated quite extensively so far owing to their potential applications as solid state electrolytes for solid states batteries. They are also among the most promising materials for display device, optical and other solid state ionic devices [l-51. Many studies have focused on silver borate glass systems. However, phosphate glasses have been shown to exhibit high ionic conductivity too 161.
The present paper reports on the synthesis and ac conductivity measurement of 3 samples of binary silver phosphate glasses (~g 2~) x ( p ,~, ) , -, w i t h x=0.4, 0.5 and 0.6.
Phosphorous pentoxide P2 U, with low melting point was chosen as the glass former. Ag, 0 was introduced as network modifier. The presence of Ag2U will induce changes in the network structure and bonding by reacting with the glass former and incorporating into it [71.
Experimental details
Samples of the glass systems were prepared from certified reagent grades of AgNO, (99.5 %) and P,0,(98 %). Reagent AgNO, was used instead of Ag,O. AgNO, decomposed when heated, to produce Ag,O together with the release of NO, and 0,.
Appropriate weights of the chemicals with a total weight of about 15 g were mixed thoroughly in a 50 cc alumina crucible. The crucible with a circular alumina disc cover as lid, was heated at 500 "C for about half an hour in a furnace to allow conditioning of the mixture to take place. At this stage, all water vapour trapped within the mixture would be driven out. NO, and 0, would be released from the silver nitrate AgNO, to form Ag20 and primary chemical reaction would occur allowing reaction between Ag,O and P20, to take place. The crucible together with the lid cover was later transferred to a second furnace, preheated at 850 "C, for about 30-60 minutes. Glasses with higher mole fraction of Ag,O usually required slightly longer time to produce a good melt. The bubble free melt was then cast into a stainless steel split cylindrical mould kept at room temperature. The solidified glass was subsequently separated from the mould and returned to the first furnace, preheated at 300 "C for annealing. The annealing process at 300 "C lasted for about 20 minutes in order to reduce residue stress of the samples and enhance its thermal stability. All the glass samples were transparent and colourless initially. However, the surfaces of these glasses might turn cloudy after being exposed to atmospheric air for a long time due to the hygroscopic nature of P,O,. Therefore, the glass samples were stored in a dessicator in order to prevent possible contamination of the glasses and also to ensure reasonable good optical quality.
The glass samples with lOmm diameter and length of about 10-1 5 mm were cut using a diamond cutter and the surfaces polished with fine grain sand paper in order to produce reasonably smooth, flat and parallel surfaces. The final glass samples were about 3mm or less in thickness. After polishing, the samples were cleaned with acetone. Silver conducting paint was then applied on both surfaces of the samples to ensure good electrical contact before the a.c. conductivity measurement was carried out.
The a.c. conductivity was measured as a function of frequency and mole fraction x using a HP 4284A LCR meter from 20 Hz to 1 MHz. Measurements were also carried at different temperatures varying from 25 "C to 150 "C using Chelsea Dielectric Thermal Analyser. The Arrhenius plot was done for each sample. The electrical conductivity was calculated using the following formula [S, 91
where d is the thickness of the glass sample. A is the cross section area and R is the resistance and G the reciprocal of resistance.
Results and Discussion

Composition and Frequency Dependence
The composition for the various glasses prepared are summarised in Table 1 . Further discussion on the various glass samples will be based on the sample label instead of mole fraction. Figure 1 shows that in the binary silver phosphate glasses (~g 2~) x (~2~s ) l -x where 0.4 I x 50.6, the conductivity at room temperature generally increases when the frequency increases. It is observed that the conductivities of all the three samples B4, B5 and B6 remain almost constant at the values of about 1 O-*.,, 1 O"., and lo"-' Scm-' respectively in the frequency range of 10 Hz to 1 kHz. At low frequencies, the conductivity of the glass increases only very gradually when the frequency increases. However, at higher frequency, above 10 kHz for sample B4 and above 100 kHz for samples B5 and B6, the conductivity increases more rapidly when the frequency increases. When a mobile ion vibrates more frequently in a local site, more energy is produced. It is more capable of escaping through diffusion and thus giving rise to higher conductivity. Figure 1 also shows that the conductivity increases with the content of the modifier, namely Ag,O. According to T~illcr [IO] , it is expected that with increasing concentration of modifier, the distance between two adjacent negative anion sites decreases. This will reduce the depth of the potential well. Therefore, a more favourable path is created for ion-migration. Among the three binary glass samples, samples B6 ( x = 0.6 mole fraction ) has the highest range of ionic conductivity with values ranging from 2.03 s lo-' to 2.16 x loT6 Scm-'.
At 1 kHz, the conductivity at room temperature cr25 is 3.61 x 10" Scm-' and this is comparable to cr25 x 5.62 x Scm-' obtained by Bartholomew [l 11 . Conductivity at 1 kHz plotted against the x mole fraction of Ag20 is shown in Figure 2 . The diagram shows that the conductivity increases almost linearly with the mole fraction of Ag20. Thus, the conductivity depends on the glass composition in binary silver phosphate glasses. According to Tuller [lo] , for lower levels of modifier additions, typically below 15-20 mole 'YO, ionic conductivities remain low. Therefore, more mole YO modifier is needed before any significant level of ionic conductivity is achieved in binary glasses.
Dependence of Conductivity on Temperature
In this section, the conductivities as a function of temperatures for two of the glass samples are discussed. The temperatures vary from 25 "C to 150 "Cy below the T, of binary silver phosphate glasses. Hence, the glass structures will not be affected when the temperature of the glass increases up to 150°C. Figures 3 and 4 show the conductivity as a function of frequency for two binary glass samples B4 and B5 respectively at different temperature. At 1 kHz, the ionic conductivity of sample B5 is greater than that of sample B4 for every indicated temperature because of the higher Ag20 content in the sample B5. Below T,, the cations are moving in a fixed network and their movements are thermally activated. In this way, the conductivity measured should obey the Arrhenius Law. From Figure 5 , straight lines with negative slope were obtained by plotting log G against 1 / T where T is the temperature for both the glass samples. These results show that the Arrhenius Law is obeyed. The activation energy can be determined from the slope obtained in Figure 5 , for both samples B4 and B5. These values are tabulated in Table 2 . Samples B5 with higher Ag,O content has a lower activation energy than sample B4. With higher Ag20, more Ag' ions are available in the sample and it is relatively easier to cause an immobile Ag' ion to become a free and mobile ion. Thus, a lower activation energy is obtained.
Conclusion
The a.c. conductivities of 3 samples of binary silver phosphate glasses have been measured over a range of frequency and temperature. Conductivity as high as 1 0-5 Scm-' and activation energy of 0.41 to 0.46 eV have been observed. The conductivity at room temperature increases generally with frequency. This increase is very gradual initiall! at low frequencies. However a rapid rise at li-equency above 10 kHz is observed genclally. The conductivity is found to iiicrc;isc almost linearly with the mole fraction of Ag,O.
As a function of temperature, the conductivity increases too with temperature. Our results also show that sample with higher Ag,O content has lower activation energy. Table 1 . 
